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Three novel cationic hexametallic Mn(III) compounds of formulae [Mn6(μ3-O)2(H2N-sao)6(py)6(EtOH)2](ClO4)2·4EtOH (1), [Mn6(μ3-O)2(H2N-sao)6(tpy)6(H2O)2](ClO4)2·2tpy·4H2O·2EtOH (2) and [Mn6(μ3-O)2(H2N-sao)6(Him)6(EtOH)2](ClO4)2·6EtOH (3) [H2N-saoH2 = salicylamidoxime, py = pyridine, tpy = 4-tert-butylpyridine and Him = imidazole] have been synthesised and magnetostructurally characterised. These [Mn6]2+ complexes are new members of the oxime-based family of neutral [Mn6] single-molecule magnets (SMMs) in which the previously terminally bonded carboxylates, phosphinates, halides or ROH molecules on the outwardly facing triangular faces have been replaced with pyridine (1), 4-tert-butylpyridine (2) and imidazole (3) molecules generating a new series of salts based on Mn6 complexes. These results suggest that the cationic [Mn6]2+ species could be used as suitable building blocks for preparing new materials with different functionalities. 




Phenolic oximes have proven to be particularly important in the field of Molecular Magnetism, especially for the preparation of Mn(III)-based Single-Molecule Magnets (SMMs).1-3 Derivatised salicylaldoximes (Scheme 1) have been employed to generate a large family of hexametallic ([MnIII6]), and trimetallic ([MnIII3]), complexes with SMM behaviour, in which chemically-induced structural distortion of the Mn-N-O-Mn torsion angles allowed the preparation and isolation of family members displaying remarkably different magnetic properties.1
This in turn resulted in the formulation of a semi-quantitative magnetostructural correlation which enables prediction of the magnetic properties of new family members.2 The coordination chemistry of the related salicylamidoxime ligand3,4 and its dialkyl derivatives5 (Scheme 1) with the MnIII ion has been explored extensively. Indeed, in an experimental and theoretical study, these salicylamidoxime-based [MnIII6] SMMs were shown to possess spin ground states varying from 4 to 12 and anisotropy energy barriers from 24 to 86 K.3 Recently, the first example of a cationic hexametallic Mn(III) SMM based on the salicylamidoxime and pyridine ligands was reported.4

Scheme 1 The structures of: (A) salicylaldoxime (R-saoH2) and (B) salicylamidoxime (R2N-saoH2). R =H, Me, Et, Ph etc. 
This compound, of formula [Mn6(μ3-O)2(H2N-sao)6(py)6(EtOH)2](ClO4)2·4EtOH (1), constitutes the first example of a cationic and ferromagnetic member within of the oxime-based family of [MnIII6] SMMs in which the terminally bonded carboxylates, phosphinates, halides or ROH molecules have been replaced by pyridine (py) molecules. Aiming at completing this preliminary study, herein we report the synthesis and magnetostructural characterisation of 1 together with two other cationic hexametallic Mn(III) compounds of formula [Mn6(μ3-O)2(H2N-sao)6(tpy)6(H2O)2](ClO4)2·2tpy·4H2O·2EtOH (2) and [Mn6(μ3-O)2(H2N-sao)6(Him)6(EtOH)2](ClO4)2·6EtOH (3) [H2N-saoH2 = salicylamidoxime, tpy = 4-tert-butylpyridine and Him = imidazole]. 
Results and discussion
Reaction of Mn(ClO4)2·6H2O with the salicylamidoxime ligand and the desired pyridine or imidazole ligand in the presence of NEt3 results in the formation of dark green crystals containing cationic hexametallic Mn(III) complexes in good yields in 1-4 days (see Experimental section). This is in contrast to the analogous reactions employing phenolic oximes, where the addition of the pyridine (or equivalent N-donor) ligand isolates, in near quantitative yield, the constituent [Mn3] triangles, i.e. a triangle capped on one face by three py or N-donor molecules and on the other by the charge-balancing anion.1,2 Thus it appears that the role of the non-coordinating substituent on the oximic carbon is not limited to simple steric considerations. This, in itself, is an important discovery, since substitution at this position is relatively trivial and proffers much scope for future design and manipulation.

Fig. 1. Perspective view of the molecular structure of the [Mn6(μ3-O)2(H2N-sao)6(tpy)6(H2O)2]2+ cation of 2. H atoms, ClO4− anions and solvent molecules have been omitted for clarity. [Colour code: pink, Mn; red, O; blue, N; black, C.] 

All three complexes display very similar structures (Table 1, Figs. 1 and 2 show complexes 2 and 3). 1-3 all crystallise in the monoclinic crystal system with space groups P21/n (1 and 3) and P2/n (2). The structures of 1-3 are made up of the hexametallic cluster cation [Mn6]2+, two ClO4- anions and EtOH (1-3), H2O (2) and 4-tert-pyridine (2) solvent molecules of crystallisation. 
Each cationic [Mn6(μ3-O)2(H2N-sao)6(L)6(solvent)2]2+ [L = py (1), tpy (2), Him (3)] unit contains two symmetry equivalent {Mn3(μ3-O)} triangular moieties, which are linked by two phenolate and two oximate O-atoms and related by an inversion centre. Each edge of the triangle is spanned by the -N-O- moiety of the oxime ligand, with the central O2- ion displaced 0.162 (1), 0.154 (2) and 0.072 Å (3) above the plane of the [Mn3] triangle, towards the terminally ligated py/tpy/Him molecules. 
The hexametallic cores of 1-3 is are thus rather similar to their salicylamidoxime-based [Mn6] predecessors, the main difference being the replacement of the terminally bonded carboxylates, phosphinates, halides or ROH molecules on the outwardly facing triangular faces by six terminal py/tpy/Him molecules. The six Mn(III) ions exhibit distorted octahedral geometries with their Jahn-Teller axes approximately perpendicular to the [MnIII3] planes. The remaining coordination site on Mn2 (and symmetry equivalent) being occupied by an EtOH (1 and 3) or H2O (2) molecule. The Mn–N–O–Mn torsion angles of the [MnIII3(μ3-O)(H2N-sao)3] triangular units for 1-3 are given in Table 2.


Fig. 2 Perspective view of the molecular structure of the [Mn6(μ3-O)2(H2N-sao)6(Him)6(EtOH)2]2+ cation of 3. H atoms, ClO4− anions and EtOH solvent molecules have been omitted for clarity. [Colour code: pink, Mn; red, O; blue, N; black, C.]

In the crystal lattice of 1-3 the ClO4- anions sit between neighbouring [Mn6]2+ cations and are H-bonded to the –NH2 groups on the salicylamidoxime ligands of each [the O···N distances being shorter in 1 and 2 shorter (~2.9 Å) than in 3 (~3.8 Å)], linking them into chains (Figure 3) which generate square sheets (Figure S1). They are also H-bonded to EtOH (1-3) and H2O (2) molecules of crystallisation. In 3 the ClO4- anions are H-bonded to the –NH groups from the terminally bonded imidazole molecules (O···N, ~3.4 Å). In 1 and 2 these interactions result is a 2D H-bonded sheet with the terminally bonded py/tpy molecules interdigitated in the third dimension, with the closest C···C interactions being of the order of 3.5 Å (Figure S1).

Table 1. Summary of the crystal data for compounds 2 and 3.
Compound	2	3
Formula	C114H152O28N20Cl2Mn6	C76H106O30N24Cl2Mn6
Mr	2651.08	2236.39
Crystal system	monoclinic	monoclinic
Space group	P2/n	P21/n
a/Å	20.858(1)	14.230(1)
b/Å	14.821(1)	12.759(1)
c/Å	22.774(1)	25.985(1)
/°	90	90
/°	95.55(1)	92.47(1)
/°	90	90
V / Å3	7007.0(3)	4713.7(1)
Z	2	2
Dc/g cm-3	1.173	1.576
(Mo-K)/mm-1	0.606	0.928
F(000)	2582	2308
Goodness-of-fit on F2	0.886	1.037
R1 [I > 2(I)] 	0.0705	0.0659
wR1 [I > 2(I)]	0.1911	0.1638
		







Fig. 3 Perspective view of the unidimensional arrangement of [Mn6(μ3-O)2(H2N-sao)6(py)6(EtOH)2]2+ cantions and ClO4- anions in the crystal of 1 through H-bonding interactions (dashed lines). H atoms and solvent molecules have been omitted for clarity. [Colour code: pink, Mn; red, O; blue, N; black, C; green, Cl].




Magnetochemistry of 1-3
Dc magnetic susceptibility studies
Dc magnetic susceptibility measurements were carried out on microcrystalline samples of 1-3 in the 300–5 K temperature range and an external magnetic field of 0.1 T. The MT versus T plots are given in Fig. 4. At room temperature the MT values are 20.7 (1) and 17.9 cm3 mol-1 K (2 and 3), suggesting the presence of dominant (albeit weak) ferromagnetic and antiferromagnetic exchange interactions between the involved metal ions, respectively. For complex 1 the value of MT rises gradually with decreasing temperature, increasing more abruptly at approximately 100 K and reaching a maximum value of 32.3 cm3 mol-1 K at 22 K. The value of MT in 2 decreases, at first slowly, and then more abruptly with decreasing temperature reaching a final value of ca. 8.0 cm3 mol-1 K at 5 K (Fig. 4). Compound 3 approximately follows the Curie law to ca. 50 K, before MT decreases to reach a final value of ca. 7.0 cm3 mol-1 K at 5 K. The decrease of the MT values observed for 1-3 at low temperature being likely due to the presence of intermolecular interactions and (at lower temperatures) zero-field splitting (zfs) effects. Simulation of these data using the 2J model described by the Hamiltonian of eqn (1) and Fig. S2, afforded the parameters given in Table 2. 




Table 2. Magnetostructural parameters for compounds 1-3.
Compounda	Crystal System	Space Group	α / º(Mn-N-O-Mn)	J1 b/ cm-1	J2 b/ cm-1 	S c	1stexc.state / cm-1 b	g c	D / cm-1 d	τo / s-1 e	Ueff/ K e
											
1	Monoclinic	P21/n	42.0(4), 39.4(5), 30.8(5)	+1.90	+0.85	12	11 (2.50)	1.98	-0.34	5.3 x 10-9	40.0
2	Monoclinic	P2/n	38.0(3), 31.8(3), 17.9(4)	+0.65	-3.95	4	3 (1.68)	1.99	-0.74	3.2 x 10-8	25.0
3	Monoclinic	P21/n	39.9(3), 32.6(4), 27.2(4)	+0.98	-1.57	4	3 (0.89)	1.99	-0.67	5.6 x 10-9	34.5
a Compound 1 was previously reported (see ref. 4). b Calculated from dc susceptibility studies. c Calculated from both dc susceptibility and magnetisation measurements. d Calculated from magnetisation measurements. e Calculated from ac susceptibility data.







 The computed g, J1 and J2 values are in agreement with those calculated for previous members of the Mn6 family and consistent with the torsion angles found in the crystal structures of 1-3.

Fig. 4 Plot of MT vs. T obtained from compounds 1-3. The solid red line (__) represents the simulation of the experimental data obtained for 1-3 using the model of Hamiltonian (1).

Fig. 5 Plot of the reduced magnetisation (M/NB vs. oH/T) for 1 in 4, 5, 6 and 7 T fields and temperatures 2–5 K. The solid lines represent the best fit of the experimental data.
Variable temperature–variable field dc magnetisation data were collected for all three complexes in the 2–7 K temperature and 0.5–7 T field ranges, and fitted to a Zeeman plus axial zero-field splitting Hamiltonian [Ĥ = D(Ŝ2z − S(S + 1)/3) + μBgHŜ, where D is the axial anisotropy, μB is the Bohr magneton, Ŝz is the easy-axis spin operator and H is the applied field] assuming only the ground state is populated.1-3 The experimental data for 1-3 are plotted as reduced magnetisation (M/NB vs. oH/T) in Figs. 5 and S3. The best fits afforded the S, g and Dcluster parameters listed in Table 2, which are consistent with other congeners of the [MnIII6] family. Ground state spin values of S = 12 for 1 and S = 4 for 2 and 3 were obtained from both dc susceptibility and magnetisation measurements. Plots of the energy versus total spin, extracted from the isotropic simulation of the susceptibility, are shown in Figures 6 (1 and 2) and S4 (3).


Fig. 6 Plot of energy versus total spin state, extracted from the isotropic simulation of the susceptibility data, for 1 (top) and 2 (bottom).
Ac magnetic susceptibility 
Ac susceptibility measurements were performed on samples of 1-3 in the temperature range 2–10 K in zero applied dc field and a 3.5 G ac field oscillating at 50–1000 Hz. Out-of-phase ac signals (χM″) for 1-3 are shown in Fig. 7 (1) and Fig. S5 (2 and 3) and are consistent with SMM behaviour. Indeed, a clear frequency-dependencet of the χM″ maxima is observed. In 1 and 2, these decrease with decreasing frequency, a feature typical of the presence of strong intermolecular interactions in single-molecule and chain magnets (SMMs and SCMs),6 and consistent with the packing of the cationic clusters in the crystal. These data were fitted to the Arrhenius equation [ = oexp(Ueff/kBT), where o is the pre-exponential factor,  is the relaxation time, Ueff is the barrier to relaxation of the magnetisation and kB is the Boltzmann constant] and are plotted in the inset of Figures 7 (1) and S5 (2 and 3). The obtained values for o and Ueff are listed in Table 2. The Ueff values for 1-3 fall into the range (24 K < Ueff < 86 K) for previously reported salicylamidoxime-based Mn6 complexes.3-5

Fig. 7 Out-of-phase ac susceptibility (M") versus T plot for 1. The inset shows the Arrhenius best-fit plot (see text).
Conclusions
In summary, the crystal structures and magnetic behaviours of a new family of three cationic salicylamidoxime-based hexametallic manganese(III) single-molecule magnets of formula [Mn6(μ3-O)2(H2N-sao)6(py)6(EtOH)2](ClO4)2·4EtOH (1), [Mn6(μ3-O)2(H2N-sao)6(tpy)6(H2O)2](ClO4)2·2tpy·4H2O·2EtOH (2) and [Mn6(μ3-O)2(H2N-sao)6(Him)6(EtOH)2](ClO4)2·6EtOH (3) [H2N-saoH2 = salicylamidoxime, py = pyridine, tpy = 4-tert-butylpyridine and Him = imidazole] have been reported. Although there have been numerous oxime-based [Mn6] SMMs reported in the literature, complexes 1-3 are the first examples of cationic family members obtained with terminally bonded N-donor ligands. Indeed, the presence of the amino-substituent on the oximic C-atom seems to have a rather dramatic effect on the chemistry. Addition of pyridine, or indeed any N-donor ligand, to the amidoxime-based chemistry does not result in the formation of [Mn3] triangles, as it does for the phenolic oximes. This is clear evidence that even though the substituent on the oximic C-atom is non-coordinating, it has a major influence on the chemistry. Indeed, substitution at the oximic C-atom is trivial and suggests much future exciting chemistry. 
The fact that the [Mn6] cages can be isolated as cations, also constitutes a step towards making more advanced materials, since thisat allows the scientist to tune solubility, reactivity, purification, stability and substrate specificity. In addition, the cluster cation/anion can be charged balanced through the incorporation of anions/cations that bring another physical property or functionality to the material, be that magnetism, conductivity, or luminescence, for example. 
Experimental
Materials and physical measurements
All manipulations were performed under aerobic conditions, using materials as received (reagent grade). CAUTION! Although no problems were encountered in this work, care should be taken when using the potentially explosive perchlorate anion. The salicylamidoxime ligand was prepared following the synthetic method described in the literature.7
Elemental analyses (C, H, N) were performed by the EaStCHEM microanalysis service. Infrared spectra of 1-3 were recorded with a PerkinElmer Spectrum 65 FT-IR (ATR device) spectrometer in the 4000-500 cm-1 region. Variable-temperature, solid-state direct current (dc) magnetic susceptibility data down to 5.0 K were collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet. Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using Pascal’s constants.8
Preparation of the complexes 
1. Mn(ClO4)2·6H2O (0.249 g, 6.88 mmol) was dissolved with continuous stirring in EtOH (20 mL), then H2N-saoH2 (0.102 g, 6.70 mmol) was added followed by pyridine (1 mL, 12.4 mmol) and NEt3 (0.05 mL, 0.36 mmol). The dark green final solution was left to evaporate in a fume hood at room temperature. Dark green crystals were formed in 1 day, which were suitable for X-ray diffraction studies. Yield: 72%. Anal. Cald. (found) for C76H78O24N18Cl2Mn6 (1): C, 45.0 (45.5); H, 3.9 (4.1); N, 12.4 (12.3) %. IR peaks (ATR/cm-1): 1597, 1086, 1036, 1017, 878, 700, 673, 638, 628.
2. Compound 2 was prepared as 1 but by using 4-tert-pyridine (1 mL, 6.83 mmol) instead of pyridine. The dark green final solution was left to evaporate in a fume hood at room temperature. Dark green crystals were formed in 2-3 days, which were suitable for X-ray diffraction studies. Yield: 65%. Anal. Cald. (found) for C96H118O24N18Cl2Mn6 (2): C, 49.9 (50.1); H, 5.2 (4.9); N, 10.9 (11.3) %. IR peaks (ATR/cm-1): 1597, 1087, 1034, 1017, 878, 700, 637, 623.
3. Compound 3 was prepared as 1 but by using imidazole (51.0 mg, 7.5 mmol) instead of pyridine and different amount of Et3N (0.53 mL, 3.80 mmol). Dark green crystals were formed in 3-4 days, which were suitable for X-ray diffraction studies. Yield: 48%. Anal. Cald. (found) for C76H106O30N24Cl2Mn6 (3): C, 40.8 (41.0); H, 4.8 (4.9); N, 15.0 (14.7) %. IR peaks (ATR/cm-1): 1600, 1065, 1020, 667, 610.
X-ray data collection and structure refinement
X-ray diffraction data on single crystals of 1-3 were collected on a Bruker-Nonius X8APEXII CCD area detector diffractometer with graphite-monochromated Mo-K radiation (λ = 0.71073 Å). Crystal parameters and refinement results for 2 and 3 are summarized in Table 1. The structures of 1-3 were solved by direct methods and subsequently completed by Fourier recycling using the SHELXTL9,10 software packages. The final full-matrix least-squares refinements on F2, minimising the function w(Fo-Fc)2, reached convergence with the values of the discrepancy indices given in Table 1. The contribution to the diffraction pattern from the ethanol and water molecules of crystallisation in 2 (with ca. 22.5 % percentage void volume of the unit cell) was subtracted from the observed data by using the SQUEEZE method, as implemented in PLATON.11 The final formulation of the compound is in agreement with the residual electron density and volume. The graphical manipulations were performed with the DIAMOND12 program. CCDC 943039 (1), 962811 (2) and 962812 (3). See http://www.rsc.org/suppdataxxx for crystallographic data in CIF or other electronic format.
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